Lignin is synthesized not only during morphogenesis of vascular plants but also in response to various stresses. Isolated Zinnia elegans mesophyll cells can differentiate into tracheary elements (TEs), and deposit lignin into cell walls in TE-inductive medium (D medium). Meanwhile isolated mesophyll cells cultured in hormone-free medium (Co medium) accumulate stress lignin-like substance during culture. Therefore this culture system is suitable for study of lignin and lignin-like substance formation. In D medium lignin was deposited in TEs, but in Co medium, extracellular lignin-like substance accumulated. Analysis of the culture media indicated the presence of dilignols in D culture, but not in Co culture. To investigate the fate of lignin precursors, we added coniferyl alcohol (CA) in each culture. In Co medium, CA was polymerized into dilignols rapidly but they were present only temporarily, and in D medium CA was polymerized into dilignols relatively slowly but their content increased continually. Meanwhile, in Co culture, peroxidase activity in the medium was much higher than the peroxidase activity bound ionically to the cell walls. In D culture, ionically bound peroxidase activity was higher than that in the medium. These results may suggest that lignin deposition in TEs is related to ionically bound peroxidases in D culture, and lignin-like substance deposition in the medium is related to peroxidases in the medium in Co culture.
Introduction
Lignin is a macromolecular substance characteristic of some vascular plant cell walls. The initial step of lignification is synthesis of phenylpropanoid monomers called monolignols through the phenylpropanoid pathway. Monolignols are transported to cell walls, and polymerized to form lignin on site. The polymerization of monolignols is thought to be executed principally by peroxidases. Lignin is produced during morphogenesis, and contributes to water conductance in vascular tissues and support of the plant body. Lignin synthesis is also induced by wounding and pathogen attack, and contributes to biogenic defense (Lewis & Yamamoto 1990; Boerjan et al. 2003 ). There has been considerable research interest in how lignin synthesis is regulated in response to these developmental and environmental signals. Using in vitro cell culture systems, mechanisms of lignin synthesis have been investigated. For inves-tigation of lignification during morphogenesis, in vitro culture of isolated mesophyll cells of Zinnia elegans has provided a useful experimental system, in which > 30% of mesophyll cells differentiate synchronously into tracheary elements (TEs), cells of vessels and tracheids, and undergo lignification of secondary cell walls (Fukuda & Komamine 1980 ). Using this system, changes in mRNA levels and/or activities have been examined for various enzymes involved in lignification (e.g. Fukuda & Komamine 1982; Sato et al. 1997 Sato et al. , 2006 . Furthermore mechanisms of lignin polymerization during TE differentiation have been investigated (Hosokawa et al. 2001; Ito et al. 2004; Tokunaga et al. 2005 Tokunaga et al. , 2006 . In addition to the Z. elegans system, TE differentiation systems using Arabidopsis thaliana (Kubo et al. 2005) and Pinus radiata callus suspension cultures (Moller et al. 2003) have been established and investigated.
On the other hand, cell culture experimental systems for analysis of stress-induced lignin synthesis have been also reported (Kärkönen & Koutaniemi 2010) . In suspension cell cultures of Ricinus communis, addition of pectin fragment elicitor induced rapid accumulation of lignin in the medium (Bruce & West 1989) . In suspension cell cultures of Pinus banksiana, treatment with Thelephora terrestris elicitor induced accumulation of lignin in the cell walls (Campbell & Ellis 1992) . In spruce cell culture, Rhizosphaera kalkhoffii elicitor induced stress lignin (Lange et al. 1995) . In addition to elicitor induced lignification, lignin formation can be induced by changes in plant hormones or sucrose concentrations in cell culture systems. In a Picea abies culture system, cytokinin and low levels of auxin induced extracellular lignin formation (Simola et al. 1992) . In Arabidopsis cell cultures, methyl jasmonate induced production of extracellular monolignols and oligolignols (Pauwels et al. 2008) . In Pinus taeda cell suspension cultures, 8% sucrose concentration in the culture medium induced extracellular lignin formation (Nose et al. 1995) .
Comparison of these two types of lignification shows that lignin is deposited in secondary cell walls in the cells differentiating into TE, whereas stress-induced lignin accumulated randomly in the cell walls and in the medium of cultured cells. It is significant to compare the mechanisms of these two types of lignification using a cell culture system of the same plant.
In the culture of isolated mesophyll cells of Z. elegans, TE differentiation is induced by addition of auxin and cytokinin. In our investigation, culturing Z. elegans mesophyll cells with no addition of auxin and cytokinin induced accumulation of lignin-like substance in extracellular space, but no TE differentiation. The lignin-like substance was supposed to be caused by the wounding during isolation of mesophyll cells. Therefore, in isolated Z. elegans mesophyll cells, it is possible to induce TE lignin and stress-induced lignin-like substance by different hormone treatments.
In this report, therefore, we compare TE lignification and stress-induced lignin-like substance formation using the Z. elegans mesophyll cell culture system for understanding the mechanism of formation of various lignin and lignin-like substances.
Material and methods
Plant material and culture of cells Mesophyll cells were isolated from the first true leaves of 14d-old seedlings of Zinnia elegans L. cv. Canary Bird (Takii Shubyo Co., Kyoto, Japan) as described previously (Fukuda & Komamine 1980) . Isolated cells were cultured either in D medium, which contained 0.1 mg/L 1-naphthalenacetic acid and 0.2 mg/L 6-benzyladenine; or in Co medium, which was hormone-free. Mesophyll cells were induced to differentiate into TEs in D medium whereas TE differentiation did not occur in Co medium . Living cells and TEs were counted using a hemocytometer, and the proportion of TE differentiation was calculated as the number of TEs divided by the sum of the number of living cells and the number of TEs. Cultured cells were collected by centrifugation (100 g, 1 min), frozen in liquid nitrogen, and stored at -75 • C for measurement of lignin content. After cells were collected, culture media were filtered with a 0.2-µm filter (PTFE: Millipore, Billerica, MA), frozen in liquid nitrogen, and stored at -75 • C for high-performance liquid chromatography (HPLC) analysis.
Application of chemicals
Stock solutions of CA were prepared in dimethylsulfoxide at 1,000-fold the required concentration. CA was added to a final concentration of 100 µM in culture medium at 50-60 h of culture.
Determination of lignin-like substance
For measurement of the content of lignin-like substance, cells (1 mL of culture) were washed with distilled water and ultrasonically homogenized (UD-200, TOMY, Tokyo) in 95% ethanol (1 mL) in 1.5 mL plastic microtubes on ice. After centrifugation at 1,000 g for 5 min at 4 • C, the pellet was washed three times with 95% ethanol (1 mL) and twice with ethanol-hexane (1:2, v/v) (1 mL). The washed pellet was allowed to air-dry at 36 • C overnight. The content of lignin-like substance was determined by the method of Fukuda & Komamine (1982) with some modifications. The dried samples were ultrasonically homogenized (UD-200) in glacial acetic acid (1 mL). After centrifugation at 1,000 g for 5 min, the supernatant was removed. The pellet was resuspended in 25% acetyl bromide in glacial acetic acid (100 µL). After centrifugation at 1,000 g for 5 min, the supernatant was removed. A 100 µl aliquot of 25% acetyl bromide in glacial acetic acid was added and samples were incubated at 70 • C for 30 min in microtubes. Thereafter, 90 µL of 2 M NaOH, 500 µL of glacial acetic acid, 10 µL of 7.5 M hydroxylamine hydrochloride and 300 µL of glacial acetic acid were added and centrifuged at 1,000 g for 5 min. The absorbance of the supernatant was measured at 280 nm to determine the lignin content. When the absorbance at 280 nm was over 1.2, the samples were diluted using dilution solution (same composition of sample solution without samples).
To detect the deposition of lignin-like substance, cells were stained with a solution of 1% (w/v) phloroglucinol and 20% HCl (w/v) (Siegel 1953) . Staining experiments were performed under three conditions, i.e. cells themselves, cells washed three times with 95% ethanol, and cells washed three times with 95% ethanol after ultrasonication in the same way as described above. The second and third conditions were carried out to eliminate low molecular weight compounds that are positive to the phloroglucinol-HCl test.
Nitrobenzene oxidation and HPLC analysis
For nitrobenzene oxidation, cells (10 mL of culture) cultured for 120 h were washed with distilled water and ultrasonically homogenized (UD-200, TOMY, Tokyo) in 95% ethanol (3 mL). After centrifugation at 1,000 g for 5 min at 4 • C, the pellet was washed three times with 95% ethanol (3 mL) and twice with ethanol-hexane (1:2, v/v) (3 mL). The washed pellet was allowed to air-dry at 36 • C overnight. Nitrobenzene oxidation was carried out according to the method of Chen (1992) with some modifications. The pellet was suspended in 3 mL of distilled water, ultrasonically homogenized and moved to a 10 mL screw capped pyrex glass tube with a Teflon inner screw cap. After centrifugation at 1,000 g for 5 min and removal of supernatant, the pellet was suspended in 1.4 mL of 2 M NaOH and 80 µL of nitrobenzene, and incubated at 170 • C for 2.5 h. After cooling the test tube to room temperature, 5 mL of chloroform was added and mixed vigorously for 1 h. After centrifugation at 700 g for 5 min, the aqueous layer was transferred to another tube and mixed with 5 mL of chloroform. This extraction step was repeated 4 times. The aqueous layer solution was acidified to pH 1-2 with conc. HCl. The aqueous layer was added to 5 mL of chloroform and mixed vigorously for 48 h. After centrifugation at 700 g for 5 min, 1 mL of chloroform layer was dried, and the residue dissolved in 100 µL of methanol and mixed with 100 µL of distilled water. Samples (20 µL) were injected into a C-18 column [Hibar RT 250-4.0 (mm), LiChrosorb RP-18, (5 µm), Kanto Chemical, Tokyo, Japan] connected to a HPLC pump (L-6200, Hitachi, Tokyo), and the column was eluted isocratically with solvent: acetonitrile:distilled water 1:8 containing 1% acetic acid (v/v) at a flow rate of 1 mL/min. The eluate was monitored at 280 nm with a UV detector (L4000, Hitachi) and a chromatographic-data processor (D-2500, Hitachi). Individual peaks of p-hydroxybenzaldehyde, vanillin and syringaldehyde were determined by comparison with those of authentic samples.
Analysis of lignin precursors in cultured medium by HPLC Analysis of lignin precursors was performed as described previously (Tokunaga et al. 2005) with some modifications. A 10 mL aliquot of culture media was acidified with acetic acid (final concentration 0.1%). The sample was then filtered through a 0.2-µm filter (PTFE; Millipore). The filtrate was applied to Sep-Pak C18 cartridges (Waters, Milford, MA) that had been pre-wetted with ethanol and then equilibrated with water containing 0.1% acetic acid. The cartridges were washed with water containing 0.1% acetic acid. The lignin precursors were eluted with 1 mL of a 60% ethanol solution (10-fold condensation) using back-flush adaptor. The eluate was filtered through column guards (Millipore) and 20 µL aliquots were fractionated by gradient HPLC on a C-18 column (Hibar RT 250-4.0 (mm), LiChrosorb RP-18, (5 µm), Kanto Chemical) with the above-mentioned system (Hitachi) using a mixture of solvent A (2% acetic acid (v/v)) and solvent B (2% (v/v) acetic acid in acetonitrile). The gradient condition was: 0% to 20% B for 10 min, 20% B for 10 min, 20% to 50% B for 10 min, 50% to 75% B for 2 min, 75% B for 2 min, 75% to 0% B for 2 min, and then 0% B for 4 min; the solvent flow rate was 1 mL/min. The eluate was monitored by absorbance at 270 nm, and the peak areas of the peaks were determined by integration with a chromatographic-data processor (D-2500, Hitachi) using the standard liquid chromatograph parameter file provided by the manufacturer. The concentrations of CA and dilignols were estimated by comparison with the peak areas detected by absorbance at 270 nm during HPLC of authentic samples of known concentration.
Measurement of peroxidase activity
Cells cultured in 10 mL media for various periods were collected and stored at -80 • C. The medium in which cells had been cultured was used for the measurement of peroxidase activity after centrifugation (18000 g, 20 min, 4 • C), and the activity was defined as extracellular peroxidase activity. All subsequent steps were carried out at 0-4 • C. The stored cells were ultrasonically homogenized (UD-200; TOMY, Tokyo) in 50mM Tris-HC1 buffer (pH 7.2). The homogenate was centrifuged at 1500 g for 5 min. In order to isolate cell walls, the pellet precipitated by 500 g centrifugation was washed three times with 50 mM Tris-HCl buffer (pH 7.2) containing 1% Triton X-100 and subsequently washed three times with 50 mM Tris-HC1 buffer (pH 7.2). The cell walls were incubated overnight in 0.5 mL of 50 mM Tris-HC1 buffer (pH 7.2) containing 1 M NaC1 to extract protein bound ionically to the cell walls. After centrifugation at 1500 g for 5 min, the supernatant was pooled and the pellet was resuspended in the same buffer, and re-centrifuged in the same manner. The supernatants were combined, and used for the measurement of ionically bound peroxidase activity.
Peroxidase activity was measured according to the procedure of Sato et al. (2006) with some modifications. The final reaction mixture (1 mL) contained 50 µl of enzyme preparation, 50 µM CA, 1 mM CaC12, 1 mM H2O2 and 50 mM Na-acetate (pH 5.2). The reaction was initiated by addition of H2O2 and the change in the absorbance at 260 nm at 27 • C was monitored. Progress of the oxidative reaction of CA was calculated from the absorbance change, assuming that the change in absorbance caused by complete oxidation by horseradish peroxidase would be 8.08 (ε mM −1 cm −1 ).
Results

Comparison of TE lignin in D cultures and lignin-like substance in Co cultures
In D medium which contained 1-naphthalenacetic acid (0.1 ppm) and 6-benzyladenine (0.2 ppm), about 25-40% of isolated Z. elegans mesophyll cells differentiated into TEs, and lignin was observed to be deposited in secondary walls of TEs with phloroglucinol-HCl staining ( Fig. 1A) . On the other hand, in Co medium which contained no plant hormones, although TE differentiation did not occur, filmy or fragmentary lignin-like substance was observed to be accumulated in the extracellular spaces at random with phloroglucinol-HCl staining (Fig. 1B) . To eliminate low molecular weight compounds which are positive to the phloroglucinol-HCl test, cells were washed with 95% ethanol (Figs 1C, D) or washed with 95% ethanol after ultrasonication ( Figs  1E, F) . In both conditions, lignin-like substance was observed to be accumulated in Co culture. During culture of Z. elegans mesophyll cells in D medium, secondary walls of TEs started to thicken after 48 h of culture, and lignin contents measured using the acetyl bromide method also started to increase after 48 h of culture (Fig. 2) . On the other hand, in Co cultures, the contents of lignin-like substance increased gradually through the culturing period (Fig. 2) . Furthermore, compositions of TE lignin in D cultures and lignin-like substance in Co cultures were analyzed by nitrobenzene oxidation, which provides information on the relative amounts of the uncondensed p-hydroxyphenyl-, guaiacyl-, and syringylpropane unites present in a lignin. In the cell wall fraction of D culture, the vanillin (V) unit coming from guaiacyl units was detected as a major peak (Fig. 3A) . On the other hand, in Co culture, hydroxybenzaldehye (H), derived from p-hydroxyphenyl units, and V units were mainly observed (Fig. 3B) . These results suggested that the lignin-like substance accumulated in Co culture was the dehydrogenative polymer of pcoumaryl alcohol and coniferyl alcohol (CA) similar to lignin.
Analysis of lignin precursors in the medium and peroxidase activities
To analyze the mechanisms by which this lignin and lignin-like substance is formed, we analyzed the lignin precursors in the medium. In D culture, many peaks were detected in the cultured medium and some of them were lignin precursors, i.e. CA (1), guaiacylglycerol-β-coniferyl ethers (GCE) (2), dehydrodiconiferyl alcohol (DCA) (3), and pinoresinol (PR) (4) (Fig. 4A) . On the other hand, no peaks of lignin precursors were detected in the medium in Co culture (Fig. 4B) .
To investigate the reason why no lignin precursors were detected in Co culture, we added CA, the main monolignol in this system, at 50 h of culture, then analyzed the lignin precursors in the medium at 56 h of culture. In D culture, CA and three dilignols were increased (Fig. 5A ). On the other hand, in Co culture, no peaks were detected except for a small peak of PR (Fig. 5B) .
Therefore, we analyzed the short-term changes in dilignols in the medium after addition of CA in D and Co media. In D medium, added CA decreased gradually and dilignols increased inversely (Figs 6A, B) . On the other hand, in Co medium, added CA decreased rapidly, and dilignols appeared and disappeared in a short period (Figs 6C, D) .
Peroxidases are reported to be involved in polymerization of monolignols (Boerjan et al. 2003) . Therefore, we assayed activities of peroxidases in the medium and ionically bound to cell walls. In D culture, wall bound peroxidase activity started to increase at 48 h of culture and peaked at 72 h of culture; meanwhile, peroxidase activity in the medium was lower than wall-bound peroxidase activity (Fig. 7A) . On the other hand, in Co culture, peroxidase activity in the medium was much higher than wall bound peroxidase activity (Fig. 7B) . 
Discussion
Features of lignin-like substance deposition in Co culture Lignin-like substance deposition in Co culture was confirmed by phloroglucinol staining (Fig. 1) , acetyl bromide method (Fig. 2) , and nitrobenzene oxidation (Fig. 3) . Because no TE differentiation occurs in Co culture (Fig. 2) , lignin-like substance deposition in Co culture is considered to be independent of TE morphogenesis. The results that the lignin-like substance deposited in Co culture contained a high proportion of H-units corresponds to a previous report that stressinduced lignin in a cell culture system contained a high proportion of H-units (Lange et al. 1995) . The ligninlike substance deposition in Co culture occurred randomly in the extracellular space and was not limited to the cell walls. These features of lignin-like substance in Co culture also correspond to previously reported features of stress-induced lignin (e.g. Bruce & West 1989 , Lange et al. 1995 . Therefore these results suggest that the lignin-like substance deposited in Co cultures is basically similar to stress-induced lignins. Fukuda (1997) reported that transcription of wound-related genes is induced by mechanical isolation and culture of Z. elegans mesophyll cells, but is indepen- dent of phytohormones. Moreover, the accumulation of transcripts of wound-related genes is reduced only in cells cultured in D medium, which contained auxin and cytokinin. Motose et al. (2009) recently reported that phytosulfokine is involved in suppression of stressrelated gene expression induced in cells cultured in D medium. This may explain why stress-induced ligninlike substance is accumulated in Co culture but not in D culture. That is, formation of lignin-like substances may be caused by prolonged wounding stress derived from mechanical isolation of mesophyll cells in the hormone free condition. This phenomenon is unique, because in most tissue culture systems lignin formation is stimulated by addition or substitution of plant hormones. For example, addition of cytokinin stimulated lignin formation in Picea abies tissue cultures (Simola et al. 1993) , and the substitution of 1-naphthalenacetic acid for 2,4dichlorophenoxyacetic acid stimulated lignin formation in Pinus taeda cell cultures (Eberhardt et al. 1993) .
In Co culture, a lignin-like substance seemed to form complexes with filmy or fragmentary substance in the medium. Polysaccharides linked to nucleation sites such as ferulates, diferulates, and glycine-rich proteins may possibly function as the origin for stress-induced lignin synthesis (Boerjan et al. 2003) . Alternatively, it might be very well possible that the monolignols couple among themselves to dilignols, which might then be further polymerized into lignin-like substance eventually. To further resolve this, the smaller molecular weight fraction of the medium should be analyzed, perhaps combined with the analysis of the carbohydrate pool in the medium.
Feature of polymerization of lignin precursors in Co and D culture
In Co culture, no lignin precursors were detected in the medium by HPLC analysis (Fig. 4, 5) , and added CA disappeared very rapidly, through an intermediate conversion to dilignols (Fig. 6 ). This result supports the idea that lignin-like substance is formed rapidly from monolignols in isolated Z. elegans mesophyll cells cultured in Co medium. In D culture, meanwhile, monolignols supplied from xylem parenchyma-like cells and added CA was polymerized to dilignols and the produced dilignols were incorporated to TEs at a relatively slow rate (Hosokawa et al. 2001; Ito et al. 2004; Tokunaga et al. 2005) . This suggests that a portion of added CA may be also polymerized into lignin-like substance through dilignols in Co culture.
Relationship between lignin or lignin-like substance formation and peroxidase activities in Z. elegans cell culture system It was shown that the activities of ionically bound peroxidases increase in D culture, and some isoenzymes are specific for TE differentiation (Sato et al. 1993 (Sato et al. , 1995 . For synthesis of TE lignin, the localization of lignin deposition is important and regulated by wall bound peroxidases such as ZPO-C and ZPO-C-like peroxidases , Tokunaga et al. 2009 ). On the other hand, for synthesis of lignin-like substance in extracellular spaces, the speed of monolignol polymerization would be more important than its localization. In this study, high peroxidase activity in the medium was detected in Co culture (Fig. 7) . High activity of extracellular peroxidase would be necessary for synthesis of lignin-like substance in the medium.
Wounding breaks the closed plant surface and causes severe damage to plants. Therefore, lignification must occur at injured sites rapidly. In that case, the speed and degree of lignification should be more important than its localization in the cells. In intact plants, some isoenzymes and genes of peroxidases were also shown to be expressed in response to various stresses, such as wound induction of ZmPox2 in maize (de Obeso et al 2003) and tpoxN1 in tobacco (Sasaki et al. 2002) , and bacterial pathogen attack induction of rice PO-C1 (Hilaire et al. 2001) . The idea in this study that the extracellular peroxidases would be important for the synthesis of lignin-like substance is consistent with the previous reports in intact plants.
The results in this study suggest that the localization and polymerizing speed of lignin and lignin-like substance would be regulated by localization and degree of peroxidase activities in Z. elegans cell culture system. Further analysis using this culture system could help provide additional insight into the complex mechanisms of lignin and lignin-like substance formation during xylem differentiation and stress-responses in plants.
